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Archaeal primase: bridging the gap between RNA
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In the evolution of life, DNA replication is a fering genetic information from parent to offspring. In the
DNA replication process, the synthesis of DNA strands isfundamental process, by which species transfer
their genetic information to their offspring. DNA performed by DNA polymerases. However, all known
DNA polymerases are incapable of de novo initiation ofpolymerases, including bacterial and eukaryotic
replicases, are incapable of de novo DNA synthesis. DNA synthesis, and cells are known to require a DNA
primase for priming DNA synthesis throughout chromo-DNA primases are required for this function, which
is sine qua non to DNA replication. In Escherichia somal DNA replication. DNA primase is required for
primer synthesis in the DNA replication machinery [re-coli, the DNA primase (DnaG) exists as a monomer
and synthesizes a short RNA primer. In Eukarya, viewed in 1, 2]. The eukaryotic primase, the DNA poly-
merase a-primase complex (Pol a-pri), is composed ofhowever, the primase activity resides within the
DNA polymerase a-primase complex (Pol a-pri) on the four subunits p180, p70, p58, and p48. Of these, the
p48 subunit is known to bear the primase catalytic sitethe p48 subunit, which synthesizes the short RNA
segment of a hybrid RNA-DNA primer. To date, very [reviewed in 3, 4]. Our current knowledge of the DNA
replication mechanism in Archaea, the third domain oflittle information is available regarding the priming
of DNA replication in organisms in Archaea. life, is still rudimentary. However, several genes encoding
eukaryotic-like DNA replication proteins are present inAvailable sequenced genomes indicate that the
archaeal DNA primase is a homolog of the eukaryotic archaeal genomes [5–8]. This observation leads to the
proposal that the archaeal and eukaryotic DNA replicationp48 subunit. Here, we report investigations of a
p48-like DNA primase from Pyrococcus furiosus, a mechanisms share important similarities.
hyperthermophilic euryarchaeote. P. furiosus p48-
like protein (Pfup41), unlike hitherto-reported An open reading frame in the genome of Pyrococcus furiosus
primases, does not catalyze by itself the synthesis was found to encode a protein homologous to the eukaryo-
of short RNA primers but preferentially utilizes tic p48 subunit. The translated sequence corresponds to
deoxynucleotides to synthesize DNA fragments up a 40,771.98 Da protein that shares similarities with other
to several kilobases in length. Pfup41 is the first DNA archaeal sequences (sequence comparison of archaeal and
polymerase that does not require primers for the eukaryotic DNA primase subunits are available on re-
synthesis of long DNA strands. quest). Sequence alignments highlighting conserved mo-
tifs between eukaryotic DNA primases and archaeal ho-
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The Pfup41 was assayed for the synthesis of oligoribo-
nucleotide primers with poly(dT)220 and [a-32P]ATP asResults and discussion
DNA replication is a fundamental phenomenon in living the template and substrate, respectively. Divalent cations
such as Mn21 or Mg21 are required for DNA primaseorganisms for maintaining their lives and also for trans-
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Figure 1 Figure 2
Primase activity of PfuP41 protein. (a) Reactions (12.5 ml) contained
50 mM Tris-HCl (pH 8.0), 2.5 pmol Poly(dT)220, 0.2 mM p41 protein,
100 mM ATP ([a-32P]ATP; 2 mCi), and MgCl2 (1.5, 5 mM) or MnCl2
(0.1, 1, 5 mM). Reaction mixtures were incubated at 558C for 30
min. Assays were quenched with 2 ml of 53 loading buffer (98%
formamide, 1 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol
blue), were heated at 958C for 3 min, and were loaded on a 20%
polyacrylamide gel containing 8 M urea. The products were detected
by autoradiography. (b) Reaction mixtures (20 ml) containing 50 mM
Tris-HCl (pH 8.0), 10 mM MgCl2, 1 mM b-mercaptoethanol, 0.05Purification of recombinant Pfup41 from E. coli cells and identification
mg/ml M13 single-stranded circular DNA, 100 mM each dCTP, dGTP,
of Pfup41 in P. furiosus crude cell extract. (a) Recombinant Pfup41 and dTTP, and 10 mM [a-32P]dATP were incubated with 0.7 mM
purified as described in the text was loaded onto a 12.5% SDS-PAGE Pfup41 or 2.5 units of P. furiosus Pol I for 20 min at 708C, and the
and stained with Coomassie brilliant blue. Lane 1 contains molecular reaction products were analyzed by 1% alkali agarose gel
mass markers, and lane 2 contains purified Pfup41 (10 mg). The sizes electrophoresis followed by autoradiography.
of the molecular mass markers are indicated on the left. (b) Western
blot analysis of Pfup41. Purified Pfup41 (recombinant protein, 20 ng)
and P furiosus cell extracts (1 mg cells) were separated by 12.5%
SDS-PAGE, and the gels were subjected to Western blot analysis products in the presence of either Mg21 or Mn21 (datawith anti-Pfup41 antiserum. Lane 1 contains P. furiosus cell extract,
not shown). We then investigated the ability of Pfup41and lane 2 contains recombinant Pfup41.
to synthesize oligodeoxynucleotide products on a nonsyn-
thetic template, the M13mp18, with the four dNTPs as
substrates. The results shown in Figure 2b indicate that
not only did Pfup41 readily synthesize DNA strands, butactivity, and Mn21 in particular has been shown to increase
the activity and processivity and to slightly decrease the it synthesized strands of much larger sizes (around 1 kb)
than have hitherto-reported primases (less than 50 basesfidelity of human DNA primase [11]. Under the condi-
tions used here, little primase activity could be detected in vitro). This reaction was clearly template dependent.
Furthermore, no product was detected from the reac-with MgCl2; however, some products were observed with
MnCl2 at 5 mM (Figure 2a). The preference of Pfup41 tions with P. furiosus DNA polymerase I in the absence
of added primer. When ribonucleotide triphosphatesfor Mn21 in the synthesis of RNA segments is consistent
with a previous report of the homolog in M. jannaschii (NTPs) containing [a-32P]ATP were used as substrates in
the same reaction, no distinct bands for RNA products[10]. The name “DNA primase” was adopted after E. coli
DnaG protein was shown to incorporate some deoxy- were detected, as they were in the case of the synthetic
template described above. To characterize further thenucleotides in place of ribonucleotides in all but the first
position to produce shorter hybrid primers [12]. In Eu- affinity of Pfup41 for ribonucleotide substrates, we mixed
NTPs with dNTPs containing 32P-dATP in the reactionkarya, human and Drosophila melanogaster DNA primases
were also shown to incorporate deoxynucleotides in place mixtures. As shown in Figure 3, no enhancement was
observed in the signals of the products in terms of sizeof ribonucleotides [13, 14], whereas purified yeast DNA
primase significantly lacked such an ability [15]. We were and amount between the reactions with and without NTP
substrates. The product sizes became rather shorter withinterested in investigating the aptitude of the archaeal
DNA primase for utilizing deoxynucleotide triphosphates increasing concentrations of NTPs. Furthermore, the re-
action products disappeared with DNase I treatment. To-(dNTPs). Reactions were initially carried out on a
poly(dT)220 template with dATP as the sole substrate. gether, these results indicate that Pfup41 truly uses
dNTPs as preferable substrates. Hence, we compared theThe results showed that Pfup41 synthesized oligo(dA)
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Figure 3 Figure 4
Effect of NTPs on the DNA synthesis reaction of Pfup41 protein.
Reaction condition is the same as described in Figure 2B, except DNA polymerase activity of Pfup41. M13 single-stranded circular DNA
that cold NTPs were added to 1, 10, and 100 mM, respectively. (0.5 mg) annealed with a 32P-labeled deoxyoligonucleotide (d30 mer)
Treatment of the reaction products with DNase I before the gel was used for the substrate. Pfup41 (0.14 mM), Pol I (2.5 units), or
electrophoresis confirmed the products as DNA strands. Pol II (2.5 units) was added with 125 mM each dATP, aGTP, dCTP,
and dTTP to the reaction mixture in the same buffer condition as
described for the primase assay. Reaction mixtures were incubated
at 708C for 5, 10, or 20 min, and the products were detected as
described in Figure 2. The sizes of DNA strands on the gels areprimer elongation ability of Pfup41 with those of two
indicated at the left.DNA polymerases found in P. furiosus, namely Pol I [16]
and Pol II [17], by using M13 single-stranded DNA
(ssDNA) annealed with a 32P-labeled deoxyoligonucleo-
tide (30 mer) as a template-primer. Pfup41 synthesized occur during the replication initiation [reviewed in 4].
large DNA products of approximately 0.7–6 kb in length. The complex also stimulates the polymerase activity and
These products appeared to be comparable in size to those increases the processivity of Pol a-pri complex [18]. Fur-
synthesized by Pol I (Figure 4). Thus, the Pfu homolog of thermore, direct interaction between the p70 subunit of
the eukaryotic p48 subunit has both primase (de novo RPA and the p48 primase subunit of the Pol a-pri complex
synthesis) and polymerase (primer extension) activities. has been demonstrated [19]. We have purified the P.
To our knowledge, Pfup41 is the first DNA polymerase furiosus RPA protein complex and have characterized its
that does not require primers for the synthesis of long biochemical properties (K. K. and Y. I., unpublished data).
DNA strands. In other words, in contrast with other DNA In the course of this characterization, we found that
primases, Pfup41 not only synthesizes short oligonucleo- RPA41, the largest subunit of the three-subunit complex
tide segments but also shows a very potent DNA polymer- of PfuRPA, coprecipitated with Pfup41 in an immunopre-
ase activity. Interestingly, a recent comparative study indi- cipitation experiment with anti-Pfup41 (Figure 5). This
cated that eukaryotic and archaeal DNA primases share result suggests that p41 is involved in the replication
significant amino acid sequence homology with family X machinery and may work as a primase-polymerase in P.
DNA polymerases and may be part of a larger superfamily, furiosus cells. We also found that an ORF encoding the
the class X-nucleotidyl transferases [9]. The synthesis of eukaryotic p58 subunit–like sequence overlapped with
large DNA fragments by Pfup41 requires further charac- the ORF for p48 protein in the P. furiosus genome. It
terizations, currently underway in our laboratory. seems likely that the two proteins form a stable complex
as a primase. Characterization of the complex as well as
of the p58-like protein itself will provide more insightsAlthough the Pfup41 protein is produced in the P. furiosus
cells (Figure 1), its ability to synthesize DNA, RNA, or into the function of this enzyme in DNA replication in
P. furiosus. A unique mechanism of DNA replication mayhybrid segments in vivo in the context of leading-strand
and lagging-strand syntheses remains to be determined. be discovered from these archaeal molecular studies.
From the eukaryotic studies, it has been shown that direct
interaction of replication proteins during primosome as- Regarding the evolution of the nucleotide polymerases,
DNA polymerase may have evolved from an RNA poly-sembly and primer synthesis as well as complex formation
between the replication protein A (RPA) and primase merase that synthesizes RNA strands without a primer.
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Figure 5 was removed by centrifugation at 27,000 3 g for 30 min at 48C, and
the supernatant was then loaded onto a metal affinity resin charged with
Co21 ion (TALON, Clontech). The column was extensively washed with
buffer B (20 mM Tris-HCl [pH 8.0], 300 mM NaCl, 10 mM imidazole)
and protein eluted with buffer C (20 mM Tris-HCl [pH 8.0], 300 mM
NaCl, 100 mM imidazole) was fractionated. We further removed contami-
nating E. coli proteins by heating the eluted fraction at 808C for 15
min followed by centrifugation at 27,000 3 g for 10 min at 48C. The
supernatant was concentrated, and the buffer was adjusted to 20 mM
sodium phosphate (pH 7.0) and 0.1 M NaCl by ultrafiltration. It was
then loaded onto a cation-exchange column (HiTrap SP, Amersham
Pharmacia), which was connected to the AKTA system (Amersham Phar-
macia) at a flow rate of 3.5 ml/min. Protein elution was performed with
a 30 ml linear gradient of buffer D (50 mM sodium phosphate [pH 7.0]
PfuRPA and Pfup41 are coimmunoprecipitated by anti-Pfup41 and 1 M NaCl). Fractions containing an approximately 40 kDa protein
antibody from P. furiosus cell extract. The total cell extract was consistent with the molecular weight of His-tagged Pfup41 were pooled
precipitated with anti-RPA41, anti-Pfup41, and anti-PI-PfuI (negative and subjected to automated Edman degradation in an Applied Biosys-
control). The cell extracts without immunoprecipitation (lane “Pfu tems Procise model 492 protein sequencer. The concentration of recom-
extract”) or precipitated with PBS-treated protein A–Sepharose (lane binant protein was determined with a molar extinction coefficient e of
“PBS”) were also loaded as a positive and a negative control, 47,770 M21·cm21, which was computed from the amino acid sequence
respectively. The precipitates were detected by Western blotting with with the Protparam software in ExPASy Proteomic tools. Rabbit poly-
anti-RPA41 antibody. clonal antibody was raised against homogeneous Pfup41, and Western
blotting experiments were performed in a similar fashion as described
previously [22].
Reports that a DNA polymerase could be engineered Immunoprecipitation assay
Cloning of the genes for P. furiosus RPA subunits and characterization offrom an RNA polymerase by site-specific mutagenesis
the gene products will be reported elsewhere (K. K. and Y. I., unpublished[20, 21] support this idea. Pfup41 may be an intermediate
data). The polyclonal antibody against the RPA41 subunit was raisedin such pathways between an RNA polymerase-primase in rabbit. The preparation of P. furiosus cell extract, the precipitation
and a DNA polymerase. However, there is no sequence procedure, and detection by Western blotting were carried out as de-
scribed earlier [22]. The antibody for PI-PfuI, an intein-coded homingsimilarity between family X DNA polymerases and either
endonuclease from P. furiosus [23], was used as a negative control.DNA replicases or RNA polymerases in present living
organisms. We thus have to face the possibility that the
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